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THE FLOW. AND FORCE CHARACTERTSTICS OF SUPERSONIC - .
ATRFOTLS AT EIGH SUBSONIO SPEL‘DS '

By ¥W. F., Lindsey, Berna.z'cl ¥. Da.ley,
and Milton D. Humpkreys

STMMARY

- An investigstion hes been confucted st subsonic Mach numbers
in the Langley rectengular high-speed tummel on five supersonic air-
folls amd, Tor comparison, on two subsonic airfoils., Two-dimsnsional
dasa wers obhalnsd by prossure mﬂasursmen'bs and schlisren photograrhs
at engles of attack from 0° to 4° for Mach mmbers between 0.30 and
0.90 for these 6-peroe4n ~thick synmetricd.l a.:trfoils.

The resul’cs indiceted the.’c the drag coefficients are . generally
higher at subsonic Mach nurbers for the supersonic slrfoils than for
the subsonic sirfoils, but the normal-force amd pitching-moment -
characteristics of those supersonic alrfoils having thair meximum
thickness located at the 0.7-chord station would diminish the
problems gen era.lly sacountersd in 1ong tudina.l counbrol at high Mach
nurvers. ) . B

The Investlgetion also revealed the oscurrsnce of an vmusual |
flow phenomeron ab the leacling- edgs of the supersonic airfolls at the
higher Mach numbters. is phenomenocn, throuwgh the ellminatlon of an
eztensive sepa.ra.ted.—flow condision over the forwerd part of the -
8lxfoil, effected a rather sulden increase in normal-foxce. coeffi-
clent and. in some cases a d.eczea_.ae in.the dreg cosfficlent.,

INTRODUCTION -

. In 'bhe design of supersorﬁ.c a.ircra.f'b the amount of Bweep‘back

_Incorporated in the 11 f4ing surfaces q,oald. affect the cholce of ths
.. type of profile for those surfaces, If the component of stream! .

" velocity normal to the leading edge of  the lifting surface is-
subsonic, a rounded leading edge or su'bsonic alrfoll might be used.
On the other hand, .if the normal component. of the styream velocity is
supersonic, & she-.rp leading edge or supersonic airfoil 1s definitely
needed to minimize the wave resishtance. Since consideration of the
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structural and stabillity requirements may limit the amount of sweep,
the velocity normal to the leading edge may necessarily be supersonic
and sherp~edge airfolls are then required, The 1lifting surfaces of
supersonic alrplanes and other bodiles therefore might be expected to
have sharp leading edges. TFor scme flight conditions these lifting
surfaces must necessarily operate at subsonlc speeds. In order to
provide informstion importent in the selection of alrfolls for
supersonic alrcraft the aerodynamic characteristics of thin, sharp-~
edge alirfolls therefore must be determined at subsonic Mach nvmbers.

The available results of previous investigations at subsonic
Mach numbers on alrfolls having sharp lsading edges have been
limited to two 9-percent-thick models, a part of a subscnic-alrfoll-
development investigation (reference 1), and to earlier exploratory
tests on two 8-percent-thick models (reference 2).

Becausge of the limited dats aveilable and the need for even
thinner profiles than those previously tested for high-speed
applications, an investigation kas been conducted in the Langlsey
rectangular high-speed tunnel on five supersonlc-type airfoils and,
for comparison, on two subsonlc-typs airfolls. All alrfoil models
were symmetrical and of 6-percent meximum thickness. Test data were
obtalned by means of stabic-pressure meesurements along the surfaces
of the alrfoils, tolel pressure swrveys in the weke, and schlieren
photographs of the flow at Mach numbers up to 0.90.

SUPERSONIC-ATRFOIT, PROFILE DESIGNATION

Theory and experiment have shown that at supersonic speeds
airfoils of simple gecmetric shape sre quite effilcient. The two
alrfoll shapes most cammonly encountered are the double-wedge or
diamond profile and the profile formed by a caubinatlon of two or
more circular arcs. Since both double-~-wedge and circuler-arc
profiles can represent a series of forms, neither of these profiles
is specificelly defined by giving the general shape without
additional detalled informaivlon.

With the bow wave attached to the leading edge of an airfoll in
e supersonic flow, the flow over ons surface is not affected by the
flow over the other surface. Congequently, the profile can be con-
sldered to be composed of two parts, one on elther gide of the chord
(1ine Joining leading end trailing edgss). Thus, if the maximum
thickness of each surface and the chordwise locstion of the maximum
thickness are glven, the thickness and camber are speciiied.

L}
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The combination of the general shape, the meximum thilckness,
and the chordwise location of meximum thickness for each surfacs
specifically defines the proflle. The following general form for
designeting the supersonic airfoils has been adopted:

NACA NS-(X1)(Y1)-(X2)(Yo)

In the actual desig%a"c;ion, the letter 'N" is replaced by the series

number, the number 1 bgil;xrg used for the diemond- or wedge-shape

profiles and“t,lge number 2  being used for the cjl.rc%lar-arc profiles.

The letter 8 denotes ‘supersonic. The letter 'Xl represents the

distence along the chord from the leading edge to the point of maximum

thickness 'Y1' for the upper surface. The letters X, and

"Y2" represent .the corresponding values for the lower surface. )

Numeridael valwes substituted Ffor the X'sr and Y's are iha percent. T
chord. (See fig. 1.) The following is a sample designation: '

NACA 38-(50)(03):(50)(03)

NACA designation ~— | LMeximm thickness of
lower surface (per-
Circular erc cent chord)
Supersonic Distance along chord
from L.E. to point i
Distance along chord from of maximum thickness
L.E., to point of for lower surface
maximum thickness for (percent chord)
upper surface (psrcent
chord)

Maximum thickness of upper
surface (percent chord)

—— oy

In case the maxirmm ‘tﬁicl':.ness for the lower surface Y, 1s congtant
for e Glstance along the chord, the numericel substitution for Xo
ghould be compounded to include the two values limiting the range of
congtant thiclkmess. Thus, 1f the airfoll given 1In the sample
deslgnation were cambered by making the lower surface coinclde with

the chord and the thickness of the upper surface were retalned at
3 percent, the deslignatlion would be

NACA 25—(50){03)—(0-100){00)
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APPARATUS -AND TESTS

The tests were conducted in the Lengley rectangular high-speed
tunnel, which is en induction-type tunnel without return pessages
and hes en 18-inch by h-inch test section. The variation in Mach
number in the test section slong the tunnel axls wilthout a model
installed in the tumnel.is *0.4 percent of the stresm Mach number.
In a plane normal to the tunnel axis, the veriation is *1 percent.
of the stream Msch number. The alr flow for this investigation
appears to be slightly niselined with a possible variation of #0.1
The geometric angles of attack are accurate to $0.05°.

Each’ airfoil camﬁlete¢y spanned the test section along the
heinch dimension and was supported by large circuler end plates,
which were fitfed into the tunnel wells in such a way as to rotate
with the model and to retain continuity of the surface of the tunnel
walle. The Juncture between the airfoil and the tunnel well was
sealed.

The two types of airfoila of b-inch chord had the following
profiles.

Subsonic NACA 0006-63 (reference 1)
INACA 66-006  (reference 3)

FNACA 258-(30)(03)~(30) (03)vi
INACA- 25~(50)(03)~ (50)(03{J
{mscn 28-(70) (03)- (70) (03)
IMACA 18-(30)(03)-(30) (03)
{mace 15-(70)(03)-(70) (03)

Supersohie

The ordinates for the 25S~series eirfoils are glven in table I.

Between 36 end 40 static pressure orifices were installed in
the model surfaces of each airfoil in two chardwise rows 1/4 inch
from and.on.eithsr side of the model cénter line. The number of
orifices installed depended on the thickness distribution and hence
was a minimum for the 1S-series airfoils. ' The static-pressurs-
orifice locations are shown on. the profiles in figure 1. The
absence of pressuré orifices at the leading and trailling edges of
the ‘airfolls resulted from a physical limitabivn on the installastion
of orifices -ehd pressure ducts. .

Pressure-distribution measurements- end weke eurveys were made
for Mech numbers between 0.30 and 0.90 at angles of attack of 0°
to 4°. This Mach number renge corresponded approximately to a
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Reynolds nunber renge from: 07 t0 1.5 X 106 Additional data wore
obtained in the form of schliercsn photograrhs of the flow. These
_photogrcphs ghow density gradients in thoe flow by cho.ngos in light
intenslty. Supplementary tests were mede by measuring the..statlc
.. pressures o6n ths wall in. the. vicinity of the intersection of- tha -
‘modsl with 'the tunnel wall.to.provide somo: Anformation’ on the - -
. conditions within the flow :Eield near ths 1ea,dirw odge of 'bhe
-lS-type aiﬂ"fo*ls. o . O ;

M stream M&ch num'be"
My - Mdch number in, ;E?low field -
Men . 0 strea,m Ma.ch num'ber at. chokire;
My :local Ma.oh numbcr at ;:uvfane; T
U dvmc pressurc . _*'__f
P o '.-‘js’creem sfatlc pressurc o T
ST ' : ool . A AN E—
pz'?" "ji_'loCal statlc p*cosmxrn a‘t model sv.rfuce" L . " . =
//'91 -7 ' '
P pressure coefficlent S
Pcr cri‘b* cal pressure coni'ficion’c C) _..5_953..3__1‘ " i
.l-. P " “,.‘ % q' ;,:,
' stream to‘ta" p:cesure . -
ey __sc-ction nonml i’orce coeff*cient '_-_ e
cm oo sac'binn jp;.ﬂbcning-momen’cr coeffic’lent of normal :f‘oroo a.bout
c"/1" o quartcr—chcrd. loeution I e -
‘:cd;_ s nuction ﬂ.ra.* coeff‘icient (dahamlne& from_ Wa}:e surve'f'sr)
o 'e_ﬁgle of e.t'ha.ck
¢ airfoil _chqrd _ .
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TUNNEL -WALL EFFECTS

The data obtained from this investigation aere sublect to a
correction because of tummel-wall effects. The theoretically derlved
correction (reference 4) indicates generslly that, for e given ratio
of model chord to tunnel height, the error increases with Mach number
and drag coefficient. The error is also affected to some extent by
the type of profile. The ratloc of the corrscted values to the uncor-
rected valuss were determined by the method of reference 4 for these
date at several Mach numbers and at an angle of attack of 4° (a high
drag-coefficient condition). These ratios, wherein the corrected
values are indicated by the primed symbols, are:

M Mt M cnt fon ca'/eq cmc/h'- o/ a! -~ a

0.60}1.005%%.0010.978%0.002 0.990%0.002 {0.002%0.000 0.059%0.007
.7012.007% .001f .970% .001| .986% .002{ .002% ,001; .073%t .009
.80(1.018t ,00k! .951%t ,00k| .973% .004| .005%f ,002! .090% .015

In the preceding table the varlations in the corrvection for a
glven condition are due o a cambination of differences in drag
coefflcient and shape of profile for the seven airfolls Investigated.
The varlstlons can be seen to be gquite smell and hence would not
effect a comparison of the relative merits of the two types of
alrfolls.

An examination of the correction for Mach nurbers and aero-
dynamic coefficients shows that the principal effect of these correc-
tions would be to reduce somewhat the variation of the coefficient
with Mach number for all the alrfoils in the higher speed range.
Although the methods of correcting the force and moment coefficients,
engle of attack, and Mach number are not too difficult, no comparable
methods exlst for correcting the pressure-distribution diagrams. A
correction for the pressure-distribution dlsgrem would involve not
only dynamic pressure, Mach nuwber, and angles of attack, but also
the distribution along the chord., Thus, the application of the
correction would be quite involved and at the higher Mach numbers
could be subJject to question. Inasmuch as the corrections would
have no significant effect on the conclusions to be drawn from this
Investigation and since ell of the data could not be comparably
corrected, the date are presented uncorrected.

At the choking Mach mumber where sonic velocities extend from
model to tunnel walls, the static pressure is lower behind the
model than ahead of the model, Large static pressure gradients are
thus produced in the flow at the choking Mach number, and dats
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obtained at that Mach nunber are of questionable value, The data
et and within 0,025 and 0.030 of the choking Mach number are
indicated on the flgvres in which they sppear by dotted lines or
other notations.

RESULTS

The effc,ct of angle of attack end Mach number on the pressure
distributions Tor the seven airfoils investigated is shown in :
Tigure 2, The sgection normel force and pitching moment of the: . -
normal force about the guarter-chord point heve been obteinod from °
integration of p?'ossure-d..‘stwibution diagrams and. ars presented in
coefficient form in Figures I toc 5. The drag-coefficient data .
obtained from weke surveys ar¢ presented in figurcs 6 and 7. . Data -
from figures 3 and 6 arc cross-plotied in figure 8 to show 't:he
variation .of drag coefficient with normel-force coc,ff:.cicnt et'm
const:ant Mech num'ba“ for the various profilses. - )

'I‘he d.evo'*opment of an unusual Flow phenomenon &s ths Mach num'ber
1g increesed for a Pixed engle of-attack is chovn in figure 9 for the
NACA 13-(70) (03)-(70) (03), airfoil. Figure 10 shows the phenomenon on
all pupsresonic. profiles tested at a constant angle of etitack end Mach
nuber., The varietion of the phenomonon with angle of attack on a
given profile is shown in figure 11. Measurements in the flow field
are vresented snd compared with flow photographs and locel Mach '
number distributions in fifuré 12, The effect of largs chenges in
leading-edge shape on the phenomenon is shown in figure 13.

DIscussxdﬁ,,,'

Pregeure distribution.- An éxaﬁ:ination of the ﬁressuxe-;listri_-

bution dlegrems for the airfoils investigated (fig. 2) did not reveal
any merked differences in the effect of compreossibility on the flow
past. the subsonic and supersonic sirfolls, with the exception of &
somewhat more irregular distribution of pressurass slong the chord for
the suporsonio aiv'fo;ls, arspe.cially o.t exn: e.ngle ef attack of 1&-

Tha d.etemination of the pressures nea.r the lead,ing gdge of the
airfoils was hindeéred, however, by a physical limitation on pressure
orifice installation. Information obtained from the measurements of

pressure in tho flow ficld indicated thet the prossures hear the
" lsading cdge on the uppoer surface might bo appreciably lowor then
the faired values shown in figure 2, as illustrated by thoe locol Mach
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number distribution shown at a Mach number of 0.8 in Ffigure 12(a).
Ag a result of thils probable error in the fairing of the pressure
diegrams at the leading edge of the airfolls at angles of attack
greater than 0°, the critical Mach number could not be accurately
determined, and in addition, the normal-forco coefficients mey be
expected to be higher than those presented herein.

Normel~force coefficients.- The varlation of the sectlion normal-
force coefficient ¢ with Mach number M (Pig. 3) at angles of

attack of 2° end 4° generally appeared to be less throughout the Mach
number range investigated for the supersonic eirfolls than for

the subsonic airfoils. The reduced effect of compressibility on the
variation of ¢ with o as shown in figure 4(a) tends to minimize
the problems amsociated with lorgitudinal control at high Mach
numbers ., '

In eddition, the offect of o on cy &t angles between 0°

and 2° (fig. (b)) was generally l:ss for the supersonic airfoils
than for subsonic airfcoils; this effect was probably the result of
early separation from the gharp leadling edges and could have been
predicted from low-speed ccnsiderations. The effect of o on ¢

at anglcs between 2° ard 49 for supergonic airfolls, however, wes
greater in general then for the lower o rance, especially for those
airfolls having meximum thickness locatlons st or behind the 0.5c
atation., The one exception to these generalizations was the

NACA 1S-(30)(03)-(30)(03) airfoil, which had normal-force
cheracteristics comparabls wlith those of the subsonic airfoils

(f1g. 4(1)},

The normal-force characteristics of the supersonic airfoils
presented herein indicated that tho problems assoclated with the
subgonlc flight of supersonic aircreft would not be aggravated by
uge of thess airfoils; in fact, some problems asgociated with
longitudinal control might be minimized,

Pitching-moment of normal-force about quarter-chord point,- The
variation of the sectlion pitching-moment coefficient Cmg, /1, with

stream Mech number Ffor the subsonic airfolils (figs. 5(a) and 5(b))
was small at Mach numbers below 0.70, whereas &t Mach numbers
of 0.80 and abovo the variation had & large negative trend. The

variation of op /i with o is shown to be small in the lower
Te

Mech number range, but et Mach numbers ebove 0.80, an approciablo

negative trend is indiceted.
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The supersonlc airfolls also showed only a small effect of
both M apnd a on °mg - at Mach numbers below 0.70 (figs. 5{c¢)

o 5(g)). At Mach numbers greater then 0.80, however, the variation
of Cm,, /lp with M for the supersonic airfoils showed & definite

effect of maximm-thickness locatlon. Those airfoils having maximum
thickness located at 0,3¢ (figs. 5{c) eand 5(f)) as well as both
airfolls of the subsonic type (figs. 5{a) and 5(b)) had a negative
slope of cm B wit.h o abt Mach numbers greater then 0.80. Shifting

the maximm-‘b ic'}mess locstion to the 0.7 chord station (flgs. 5(s)
end 5(g)) resulted at the high Mach numbers in s small positive slope
of op,y With a that could be desira.‘ble ‘for longi'Eud.inal control

&t high spesds.

. Dreg coefficlent.- '.’E‘he general effects of cmpressibility on the
d:cag .coefficients of both supeérsonic- 'and subscnic-type 6-percent-
thick airfolls (fig. 6} are in asccord, There are, however, & few
differences that are best shown in the camparison between airfoils a'b
each of two angles of atback in Tigure 7. At an angle of abitack of o°
(fig. 7(2)) end a Mach number of 0.5, a gradual rise is noted in
drag coefficlent from a minimum for the MACA 285-(50) (03) (50)(03) alr-
foil to "the higheat values fcr the lS-series.

. A% a.n.a.ngle of attack of 0° 1ittle difference is indica:bed in
the Mach number at which the drag break occurs for the two -subsonic-
type airfoils, and the NACA 25-(70)(03)-(70)(03) end

NACA. 285- (50)(03) (50)(03) airfoile. The obviously earlier dre.g
breek. for the two airfoils of the 1S-series results from the high
induced velocities (fig. 2) and 1s of the type associated with flow
separa.tions which coild have been expected to occur at the sbrupt
(8.2%) change in surfa.ce slope ab 'l:he maximm-thickness logation.

- The drag cosfficient for the various airfoils at en angle of
attack of 4° (fig. 7(b)) for Mach nuibers between 0.5 and 0.6 is
indicative of the extent of flow separaticn from a minimwm for the
NACA 0006-63 4o a meximumm for the NACA 1S-(70)(03)-(70)(03). The
gradual rise in drag coefficient between Mach numbers of 0.6 and 0,7
fcr the NACA .0006-63 airfoil is indicative of a condi'bion of
-progressivaly increasing exten'b of separabed flow.

" The d.rag normal ~foree relations for the various profiles end
the effect of c¢ompressibility on that relation {fig. 8) provides a
better basis of comperison of the drag characteristice then Figure 7.
The results o6f figure 8 indicated that within the range of the _
investigatlon, the drag for a given nor;nal force is génerally higher
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for the supersonic type eirfoile than for the subsonlic type. The
differences are not so large that functloning of supersonic alrcraft
would be excessively affected at subsonic aspeeds.

There ie some indication in figure 8 that, at the higher Mach
numbers, and at high values of normsl-force coefficlent, the value
of drag coefficlent might be less for some of the supersonic air-
feolls than for the subsonic sirfoils., As a result of this indlce-
tion, the original investigation is belng extended to determine
the characteristics of thesa profilles at high angles of attack.

1 W umbers. ~ During this- investligation
an wmisual type of flow phencmenon was observed to occur at the
higher Mach numbers in the vicinity of the leasding edge of the
supersonic airfoils under lifting conditions. The development
of this phenomenon with increasing Mach mumber and the changes in
the flow that accompany 1t are shown by the schlieren photographs
in figure 9 for the NACA 1S-(70)(03)-{70)(03) at 5.5° engle of
attack. :

At a Mach number of 0.50 (fig. 9(a)) separated flow extended
from the lesding edge rearward and contributed toward an increased
drag end reduced normal force. These conditions could have been
rredicted from low-speed conslderations. When the Mach number was
increased to 0,70, only two changes were noted, An Increased
expengion occurred around the leading edge (see dark area immedlately
above lesding edge) and disturbances were observed in the main flow
above the model, approximately 0.3 chord bshind the leading edge.

The increese in Mach number to 0.72 resulted in a further increase in
the expansion reglon, a glight decrease in extent of separated flow
ebove the surface, and a consolidation of the shocks. These changes
were slightly intensified when the Mach number was increased to 0.75.
The flow so far described (imcluding M = 0.75) was in accord with
that previously observed on subsonic airfoils. (For exzample, see
roference 5.)

The increase in Mach numter from 0.75 to 0.77 produced a change
in the +ype of flow at the leading edge to one that had not previ-
ougly been observed at subsonlc epeeds., At thie higher Mach number
(fig. 9(c)) oblique shocks were observed to extend outward into the
flow from the vicinlty of the leading edge and the separated flow
over the forward part of the model had been eliminated. The meain
campression shock generally essoclated with airfolls at high sub-
sonlc speeds occurred near the 0,5-chord stetion. With further
increase in Mach number to 0.80, the primary effects to be seen
are the normally expected rearward movement of the main shock on
the upper surface and the formetion of shock on the lower surface.
That this bPehavior of the flow 1s not peculiar to the comdition
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given in flgure 9 is shown by figures 10 and 1l. In figure 10

the unusnal flow 1s obesrved at the leading edge of each of the
supersonic airfoils at an angle of attack of 4° and a Mach nurber

of 0.83. Figure 11 shows that for the NACA 15-(30)(03)-(30)(03) air-
foll the phenomenon occurvred at an aengle of attack of 2°0 as wsll as
at 49, and the filsld of influence decreased as the angle decreased
until at 0° no unusuel F1ow was observed. The sequences of flow
photographs obtained at an angle of attack of 49 for each of the
airfoils (not presented herein) indicated that the Mach number at
which the flow phenomenon first occurred M, decrsased as the

included angle of the leading edge 6 increased, as shown in the
following table: - o

]

6 to.01
NACA afrfoil (d0g) My
18-{70)(03)~(70)(03) | 5.0 0.76
26-{70)(03)- 70)(03) | 9.8 .76
15-(30)(03)-(30)(03) | 11.k 73
28-(50) (03) ~(50)(03) { 13.8 73
25-(30) (03) -(30) (03) | 23.3 70

The leeding-edge flow phencmenon through the elimination of the .
extensively separated flow over the forward part of the alrfoll, would
lead %o an increese in normal force snd a decrease in drag. AL the
game time, several Ffactors exist which contribute to an increase in
dreg. These factors are the energy lossese through the oblique shocks,
the increased losses through the main shock having a greater intensiby,
and the losses because of separation from the surface in the vicinity
of the mein shock. The summation of all these effects would lead to
an incresse in normal force and an unpredictable effect on drag. An
examination of figure 3 will show that the rate of change of section
normal-force cosfficient with Mach number is grester above the Mach
number at which the oblique shock first sppeared at the leading
edge of the airfoll. Figure 6 (or fig. T(b)), however, showed
that the Mach muber increment between the value et which the flow
change occurred and the value at which the drag coefficient began
to increase very rapidly varied from O for the
NACA 1s—€70) 203) -ﬁ'{'o)(03) (fig. 625)) to 0.07 Por the
NACA 25-(30)(03) -(30)(03) {(fig. 6(c)). In addition, figure 6
also showed thet for the NACA 28-(70)(03)-(70)(03) and
NACA 15(30)(03)-(30)(03) airfoils (figs. 6(e) end 6(f)) & marked
decrease in drag coefficient was obtained after the flow change
occurred., The poseibility that this new type of flow at the leading
edge could have an apprecisble effect on the maximum 1Ift of alr-
folls at high subsonic Mach numbers indlcates the desirabllity of
extending the originsl investigation on supersonic alrfoils to obtain
data et higher angles of attack.
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Additional informesiion on the observed flow phenomenon was
obtained by measuring the static pressures at the tunnel wall near
the leading edge of the model. Data obtained thereby, as well as
the pressures measured along the surface of the model, were
trenscribed into local Mach numbers and are presented in figurc 182,
together with the corresponding achllersn photographa of the flow.
The locel Mech numbers of figure 12 were based on the total pregsure
in the undisturbed stream and are therefore high for regicms behind
shocks and within separated flows.

' A% a stresm Mach number of 0.80 for the NACA 1S-(70) (03)-(70) (03)
at U° anglp of attack (fig. lQ(a)) the flow-field measurcmente

showed that the locel Mach numbers wero supersonic in a plane normal
to the leading edge of the airfoll and for a distance of at least 0.2
chords above it., This position falls within the dark area or reglon
of expansion sbove the leading edge of the airfoil in the schlleren
photograph. Both schlicren photogreph and flow-field messuremrnts
shoved that further incrseses in velocity or expansions occurrcd
rearwvard of the leading edge. An expansion at supsrsonic -gpeeds is
accompanisd without encrgy losses by a change in dirsction of flow
or & Prandtl-Moyer turn (reforence 6). The change in flow direction
is such thet the air is directed toward the surface of the airfoil.
Obviously, in this case (and in Figs. 12(b) end 10), the flow is

. dirocted Into the surface of the airfoll, which nccessitates an

. obliqus shock to turm the flow somewhat in the -other direction so
that the air can flow along the model surface, and the extensive
soparated-flow condltion is thus eliminated. The flow behind the
.oblique ‘shock 18 supersonic and the shock gonerslly assoclated with
aeirfoils at high subsonic Mach nunmbers ls encountered rearwurd on
ths airfoil. :

The foremost and weak obligue shock seeon in the schlioren

photograph of figure 12(a) appeared from en analysis of echlieren
photogrephs and flow-field measureuents to be an cnvelops of
digturbences originating from the leading edge. The conditions |
under which the weak shock formed appeared to be tho existence of
supersonic velocities in the vicinlty of the loeding edge and a
highly localized separated rogion originsting at the lcading edge
and extending rcerward only a fow percent of the chord. 'The point
at which the flow bocame reattached to the surfece became the origin
of thec more intense obligue shock that turned the air so that it
flowed along the surface. (Soe also figs. 9(e) and ¢f) end 10(Db)
and 10(e).)

The date prosented in figure 12(b) for the NACA 18- (30)(03)-
(30) (03) airfoil at 4° were genorally similer to those of figure 12(e)
oxcept thet the velocities in the plene above and normal to theo



NACA TN No. 1211 13

leading edge were slightly less then sonic and, in place of the duwal
oblique shocks seen in figure 12(a), only one was apparent in fig-
ure 12(b). Figures 9, 10, and 12 could leave the impression that
the single obligue shock as in figure 12(b) would occur only on
those airfoils heving an included angle greater then 10°, No such
concluglon is Justifled, as could be shown by.other schlieren
photographs of the series.

Figure 12(c) and the previous discussion of figure 1l showed
that no mwmuaual flow change ccceurred gt the leading edge of the
'NACA 18-{30)(03)-{30}(03) at 0° angle of attack. At the 0.3-chord
station, however, where an 8,2° change occurred in the slope of the
alrfoll surface, a flow condition exlsted at high Mach numbers
(fig. 12(c)) that hed some similarity to the flow phencmena
Previously described, The Prandtl-Meyer turn et the 0.3-chord
station tended to excesd ThHe 8.2 tumrm allowed by the surface,
thereby necessitabing an immediste compression as shown by both
schlieren photographs end the airfoll surface pressure meassurements.
(See fig. 2{g).) The gradual compression that followed is
Probebly e result of a progressively increasing boundsry-lsyer
thickness, as 1s shown in figure 12(a).

The present inveatigation also showed that the uvnusgual flow
phenomenon was not gtrictly limited to alrfolls having sharp leadling
edges. The intenslty of the obligue shock shown near the leading
edge in figure 13 indicates that the magnitude of the Prandtl-Meyer
turn diminlshed markedly when the leading-edge radius increased
from O for the NACA 25-{30)(03)-(30)(03) airfoil %o 0.22 percent
chord for the NACA 66-006 airfoil. The effect for the WACA 0006-63
alrfoil having a 0.4-percent -chord redius is almost imperceptible.

CONCLUDING REMARKS

A two-dimensional investigation of supsrsonic airfoils Indiented
that at subsonic Mach nmumbers, although the drag characteristics
wers in general higher for these airfoils than for subsonic alrfoils,
the normal-force and pltching-moment characteristics of those
supersonic profiles having their meximum thickness located at the
0.7-chord station would dimintah the problems gemsrally encountered
In longitudinel control at high subsonic Mach mumbers.

The investlgation also revealed the occurrence of an wnusuval
flow phenomenon et the leading edges of the supersonic profiles,
This phenomenon, tkhrough elimination of the extensive separated-flow
condltion over the forward part of the airfoil, effected an increase
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from no cffect. to &

in normal force and produced changes ranging : '
decreass in the drag coefflcient.. Further, 1t appears pc?15151b1€iithat
the flow phenomenon could have an appreciable effect op t M:. r;:am gsiibiis)
11F+ coefficient of supersonic slrfolils et high cubsonlc Mac

nunbsrs,

Tengley Memorial Aeronautical Leboratory,
National Advisory Committes for Aeronantics
Irngley Field, Va., August 12, 1946
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TABIE T,- BASIC SECTION ORDINATES FOR
SYMMETRICAL CIRCULAR-ARC AIRFQILS

‘étations end ordinates are in percent chordj

Ordinate
Station
25-(30) (03) -(30) {03) | 25-(50) (03) -(50) (03) | 25-(70) (03) ~(70) (03)

0 0 0 0
5 .92 ST Lho
10 1.67 1.08 .79
15 2,25 1.53 1.15
20 2.67 1.92 1.7
25 2.92 2.25 1.76
30 3.00 2,52 2,02
35 2,98 2.73 2.25
ity) 2.94% 2.88 2.45
hs 2,86 2,97 2,61
50 2.75 3.00 2.75
55 2,61 2.97 2.86
2.hs 2,88 2.94
65 2.25 2,73 2,08
70 2.02 2.52 3.00
75 1.76 2,25 2,92
80 1.h7 1.92 2.67
85 1,15 1.53 2.25
90 0.79 1.08 1.67
95 c.bo 0.57 0.92

100 o} 0 0

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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NACA TN No. 1211 Fig. 6g
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Fig. Ta NACA TN No. 1211
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Fig. 8 NACA TN No. 1211 )
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NACA TN No. 1211 Fig. 9

(a) M = 0.50. (b} M = 0.70.

(e) M = 0,77, (f) M = 0.80.

Figure 9.- Development of flow phenomena.

NACA 1S-(70)(03)=(70)(03). a = 5.5°.
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NACA 25-(70)(03)-(70)(03)

Figure 10.- Flow phenomena’ on various supersonic
i o = 495 M = 0.83.

profiles.
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NACA TN No. 1211 Fig. 11

(a) M = G.65. (b)-M = 0.83.

Figure 1l.- Variation of flow phenomena with angle of

attack. NACA 1S-(30)(03)-(30)(03) airfoll.
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NACA TN No. 1211 Fig. 12b
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NACA TN No. 1211 ' Fig, 13

NACA 66-006

NACA 0006-63

(a) M = 0.60. (b M = 0.80.
Figure 13.- Effect of leading-edge profile on flow phenomena.
a = 49,
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